Abstract Drought is a major limitation of maize cultivation in Brazil. Agronomic and physiological practices have been considered to overcome this stress and consequently, increase grain production. The present study investigated the role of abscisic acid (ABA) application in some physiological parameters, in two hybrids with contrasting drought resistance (DKB 390 and BRS 1030 resistant and sensitive, respectively). Contrasting resistance to drought in these genotypes was determined in previous studies. Water deficit was imposed for 10 days at flowering stage, in association with the application of 100 lM abscisic acid on plant canopy. Evaluations of gas exchange, chlorophyll fluorescence, relative water content (RWC), and endogenous ABA content were performed during stress period and also at water recovery (recovery irrigation). A significant functional relationship was observed between RWC and the parameters of gas exchange and fluorescence. During water recovery, no differences were observed among the treatments. DKB 390 presented higher photosynthesis rate (P n ) and electron transport rate (ETR) under water stress, while BRS 1030 presented higher intercellular CO 2 concentration (C i ) and lower photochemical quenching (qP), non-photochemical quenching (NPQ), and lower F v /F m ratio. DBK 390 was more responsive to ABA application than BRS 1030, presenting higher endogenous ABA content in the first day of stress. DBK 390 with ABA application reduced the effect of water stress through maintenance of water status, an increase of photosynthetic parameters, and a decrease of decline in the functions of photosystem II during stress.
Introduction
Generally in plants, loss of water exceeds absorption under low water availability. The intensity of water loss is sufficient to cause a decrease in water content and turgor, resulting in a decrease in cell growth. This can also cause changes in several morphological and biochemical processes (Chaves et al. 2003) .
The phytohormone ABA (abscisic acid) controls many important processes in plant growth and development (Tardieu et al. 2010 ). In addition, this substance also regulates adaptive responses in adverse conditions. Under low water availability, a great accumulation of ABA occurs, regulating stomatal opening and closure. ABA accumulation in leaves, under stress, plays an important role in reducing water loss by transpiration . Stomatal closure can also be caused by increase of transportation (via xylem) of ABA produced in roots in contact with dry soil, to the shoots (Schachtman and Goodger 2008) .
Moderate water deficit can cause a marked decrease in photosynthesis efficiency by stomatal factors such as stomatal closure. However, with the increase of stress intensity, non-stomatal limitations can occur, including inhibition or damage of biochemical metabolism (enzymes of photosynthesis) and photochemical reactions (photosystem II activity) (Beyel and Bruggemann 2005; Xu et al. 2008; Guóth et al. 2009 ).
Studies on photosynthesis in maize under different environmental conditions are important tools to achieve a more refined selection of resistant genotypes, which can lead to higher productivity under abiotic stresses (Yu and Setter 2003; Kim et al. 2006) . Chlorophyll fluorescence, together with photosynthesis, can greatly help the differentiation of maize hybrids and the physiological understanding of the process under drought conditions, especially if measured simultaneously through the use of gas exchange system coupled with an integrated fluorescence chamber (Long and Bernacchi 2003; O'Neill et al. 2006) Maize is especially sensitive to drought. However, its behavior under this stress can vary depending on the severity and duration of the stress, phenological stage, and genetic material (Soler et al. 2007 ). One practice that has shown to be of increased interest among researchers is the exogenous application of substances that increase the resistance of cultivars in areas with water deficit. In maize, for example, the application of trehalose and brassinosteroids caused an increase in the parameters of water relations and of gas exchange such as photosynthesis rate (P n ), stomatal conductance (g s ), transpiration rate (E), intercellular CO 2 concentration (C i ), and water use efficiency (WUE) (Farooq et al. 2009a; Ali and Ashraf 2011; Anjum et al. 2011) .
ABA seems to play an essential role in drought resistance. There are few studies concerning ABA application and gas exchange in maize, but Aroca et al. (2003) studied cold stress and observed that genotypes treated with ABA presented higher resistance due to a greater resistance to water deficit (by decrease of stomatal conductance) caused by the stress. Little is known about the interaction between ABA application and drought-resistant and drought-sensitive genotypes of maize. Regarding ABA application and oxidative stress in maize, it has been reported that ABA increases the antioxidant enzyme activity in droughtresistant genotypes (Kellos et al. 2008) . Some studies have found that ABA might be related to oxidative stress in maize cells (Hu et al. 2005) . Zhang (2002, 2003) reported an increase in reactive oxygen species (ROS) and antioxidant enzymes activity in maize, when they applied ABA at several concentrations. In the present work, we tested the possible roles of exogenous application of ABA in increasing drought resistance in maize hybrids.
The objectives of the present study were to characterize two maize hybrids contrasting to drought stress through RWC, leaf ABA content, chlorophyll fluorescence and gas exchange, and to evaluate the effect of ABA application in both genotypes.
Materials and methods

Plant material and growth conditions
Two hybrids with contrasting resistance to drought stress were used, DKB 390 (resistant) and BRS 1030 (sensitive). The latter was obtained from EMBRAPA Breeding Program.
The resistance and sensitivity of these hybrids were evaluated in previous experiments carried out in Janaúba, state of Minas Gerais, Brazil. Lack of rainfall in Janaúba limits grain production, and crop cultivation is possible only with irrigation during drought periods. For this reason, this region has played an important role in understanding water deficit in maize crop. Experiments were carried out by testing several maize hybrids under field condition, and their agronomic performance was evaluated. The cultivar DKB 390 presented the highest agronomic performance under water deficit, with a mean value of grain yield of 6,806.3 kg ha -1 , whereas the cultivar BRS 1030 presented the lowest value (4,117.0 kg ha -1 ) (Martins 2012 ). The present work was carried out in a greenhouse at National Maize and Sorghum Research Center, Sete Lagoas, Minas Gerais state, Brazil (732 m altitude, 19°28 0 S, 44°15 0 W). The average high and low temperatures registered during the evaluation period were 29.2 and 22.5°C, respectively. The relative humidity of air oscillated between 52 and 78 %. Two plants per pot were planted in 20 l pots previously filled with typical dystrophic Red Latosol soil. The soil was fertilized according to soil analysis recommendations, which consisted of applying 5-20-20 ? Zn with dosages of 23 g, 20 kg -1 soil. The plants were regularly watered to maintain optimum soil moisture until stress imposition. All phytosanitary treatments necessary for the crop were applied.
Imposition of water stress, ABA application, and experimental design Water content in the soil was monitored daily in the morning and afternoon (9 a.m. and 3 p.m.) using a Watermark soil moisture sensor (tensiometer), model 0 (IRROMETER, California, USA), installed in the center of the pots of each replication, at the depth of 20 cm. These sensors detect the tension of water in the soil based on electric resistance and were coupled to digital meters (Watermark meter) from the same company. The Values ranged from 0 kPa (completely wet) to 200 kPa (completely dry). Water reposition was carried out based on the readings obtained with the sensor and the water was restored to field capacity (FC) in the period preceding treatment imposition. These calculations were performed using an electronic spreadsheet, taken as a function of the soil-water retention curve.
Two water treatments, irrigated and stressed, were imposed at pre-flowering. In the first, water replacement was performed daily until soil reached moisture close to field capacity (water tension in soil approximately -18 kPa), whereas in the second treatment, the induction of water stress was performed daily by applying at least 50 % of the total water available, i.e., until water tension in the soil reached atleast -138 kPa, a value which corresponded to the specified soil. This stress was maintained for 10 days. At 12 h of stress imposition, the plants were treated with (±)-cis, trans-ABA (Sigma-Aldrich, St Louis, USA) at a concentration of 100 lM. ABA was first dissolved in 1 ml of 70 % ethanol and then made up to 1 l. Soon after, the solution was sprayed throughout the aboveground parts of the plants (Aroca et al. 2003) .
A randomized block experimental design was used, in an 8 9 4 factorial scheme (drought-stressed DKB 390 with and without ABA application, irrigated DKB 390 with and without ABA application, drought-stressed BRS 1030 with and without ABA application, irrigated BRS 1030 with and without ABA application) and four sampling times (1 and 10 days of water stress and 1 and 10 days of water recovery), and three replications. For RWC and ABA content, six sampling times were used, as analyses at the fifth day of stress and the fifth day of water recovery were also taken. Evaluations were performed during 10 days of water stress when plants were at flowering, and during 10 days of water recovery (when soil moisture returned to field capacity).
From here on, plants under the above-mentioned treatments will be referred to as drought-stressed DKB 390 (instead of drought-stressed DKB 390 without ABA application), drought-stressed DKB 390 treated with ABA, irrigated DKB 390 (instead of irrigated DKB 390 without ABA application), irrigated DKB 390 treated with ABA, stressed BRS 1030 (instead of drought-stressed BRS 1030 without ABA application), drought-stressed BRS 1030 treated with ABA, irrigated BRS 1030 (instead of irrigated BRS 1030 without ABA application), and irrigated BRS 1030 treated with ABA.
Relative water content (RWC) Plant water status was assessed by the RWC in the central one-third region of ear leaves. In order to determine RWC, ten leaf discs (1 cm diameter) per replication were weighed to obtain fresh weight (FW). Next, discs were placed in water to float and after 18 h, at 4°C, in the dark, the turgid weight (TW) was determined. Leaf discs were then ovendried at 72°C and the dry weight (DW) was obtained. RWC was determined by RWC (%) = (FW -DW)/ (TW -DW) 9 100 (Anjum et al. 2011 ).
Extraction and quantification of leaf ABA Leaf tissues (in the central one-third region of ear leaves) were collected and stored at -80°C until extraction. The method for ABA extraction from leaves was adapted from Guóth et al. (2009) . A sample of 500 mg of leaf tissue was macerated in liquid nitrogen and then 5 ml of 80 % (v/v) methanol was added, containing 0.1 % BHT as an antioxidant. The extract was incubated at 4°C for 4 h and subsequently centrifuged twice at 4,000 rpm in the same temperature. The supernatant was dried using a rotary evaporator at 26°C. For quantification, samples were dissolved in TBS buffer (25 mM Tris, 100 mM NaCl, 1 mM MgCl 2 hexahydrate) (1.5 ll/100 mg of sample) and the detection was performed using enzyme immunoassay kits (Phytodetec ABA Enzyme Immunoassay Test Kit, SigmaAldrich).
Measurements of gas exchange and chlorophyll fluorescence
Measurements of gas exchange and chlorophyll fluorescence were performed simultaneously through a portable photosynthesis system (IRGA, Model LI-6400, Li-Cor, Lincoln, Nebraska, USA) coupled with an integrated fluorescence chamber (LI-6400-40 leaf chamber fluorometer, Li-Cor). All measurements were performed in the morning (8 a.m. to 11 a.m.) using the central one-third region of a fully grown ear leaf. The parameters evaluated were leaf photosynthesis rate (P n ), stomatal conductance (g s ), intercellular CO 2 concentration (C i ), and WUE (relationship between photosynthesis and transpiration). Measurements were carried out in a 2 cm 2 leaf area, with controlled CO 2 flow using 12 g Li-Cor cylinders at the concentration of 380 lmol mol -1 . Photon flux density (PPFD) was 1,500 lmol m -2 s -1 and the leaf temperature was controlled (26°C).
After an adaptation period of 30 min in the dark and under controlled temperature (26°C), the minimum fluorescence (F o ) was measured with light sufficiently low to avoid photochemical reaction. The maximum fluorescence (F m ) was also obtained by applying a saturating light pulse of 0.8 s (7,000 lm photons m -2 s -1 ). In the samples adapted to dark, the maximum efficiency of photosystem II (PSII) was estimated by F v /F m and F v /F o and the basal quantum yield of non-photochemical process in PSII was calculated by the F o /F m ratio (Rohácek 2002) . The leaves were illumined with actinic light at 1,500 lmol photons m -2 s -1 for 20 min. Then, the constant fluorescence (F s ) was obtained and subsequently another saturating light pulse was applied for 1 s to obtain maximum fluorescence emitted by leaves ðF 0 m Þ. Actinic light was removed and leaves were irradiated with far-red light to obtain F o adapted to light ðF 
Data analysis
Mean and standard error (±SE) were calculated for all analyzed parameters. Statistical analysis applied ANOVA and Skott-Knott test for mean comparison at 0.05 % significance (P B 0.05), using the Sisvar Program version 4.3 (Universidade Federal de Lavras, Lavras, Brazil). The functional relationship between RWC and parameters of gas exchange and fluorescence, and the functional relationship between photosynthesis rate (P n ) and ETR and F v /F m , were determined by linear and non-linear regression analysis using the TableCurve 2D program,version 5.01, at 0.05 (P B 0.05)* and 0.01 (P B 0.01)** significance levels. These functional relationships were calculated only for the stressed plants of both genotypes. Regression analysis involving other characteristics were carried out but were not significant (data not shown).
Results
Monitoring soil moisture Figure 1 shows the soil water tension of the several treatments. During the first 10 days, water tension in soil ranged between -139 and -192 kPa (Fig. 1a, b ) for all plants under stress conditions (both cultivars, DKB 390 and BRS 1030), with or without ABA application. In these treatments, and considering the days of evaluation of the physiological characteristics (1st and 10th), a gradual decrease of soil water tension was observed. After 10 days of water deficit, the soil rehydration started and variations between -10 and -25 kPa were observed, indicating soil moisture close to field capacity (Fig. 1a, b) . A lower control of moisture occurred in irrigated plants without ABA application, with higher variations in soil water tension (Fig. 1c) . On the fifth day, a higher tension (-49 kPa) was observed in the pots with BRS 1030. In irrigated plants with ABA application, the water tension values presented lower variation and mean values were close to the field capacity (Fig. 1d) .
Relative water content
No significant difference was observed for RWC in irrigated plants for both cultivars and even with ABA application (Fig. 2) . However, for all plants under water stress, an effective decrease occurred compared to the 10 following days of re-irrigation (water status recovery).
On the first day of stress imposition, the greatest decrease of RWC was observed in the sensitive hybrid (drought-stressed BRS 1030) followed by the same hybrid treated with ABA (Fig. 2) . On the fifth day of stress, the drought-stressed hybrid BRS 1030 presented significant decrease, followed by drought-stressed DKB 390. On the fifth day of stress, both hybrids under stress conditions and treated with ABA presented higher RWC than those without ABA application, and DBK 390 presented the highest RWC. At 10 days of stress imposition, DKB 390 presented the lowest decrease of RWC (although the differences among the treatments were not significant). No significant differences were observed for both cultivars under stress conditions in the water recovery period (Fig. 2) .
Abscisic acid (ABA) content
Irrigated plants presented lower ABA contents than plants under stress conditions. On the first day of stress, droughtstressed DKB 390 treated with ABA presented higher ABA content, followed by drought-stressed BRS 1030 treated with ABA and drought-stressed DKB 390 (Fig. 3) . On the fifth day under stress, the drought-stressed DKB 390 treated with ABA presented significantly higher ABA content, followed by the other plants under stress. With ongoing stress (10 days) the opposite occurred, and drought-stressed BRS 1030 treated with ABA presented significantly high values, followed by drought-stressed DKB 390 treated with ABA, drought-stressed BRS 1030 and irrigated DKB treated with ABA (Fig. 3) . At the first day of water recovery, both drought-stressed BRS 1030 (with and without ABA application) presented the highest values, followed by the other treatments. No difference among treatments occurred at the fifth and tenth days of water recovery (Fig. 3) .
Gas exchanges
Regarding leaf photosynthetic rate (P n ), water deficit significantly affected the plants under stress conditions on the first day, being more pronounced in drought-stressed BRS 1030 treated with ABA (Fig. 4a) . At 10 days of stress, drought-stressed DKB 390 and BRS 1030 presented lower P n, with average values of 5.9 and 4.0 lmol CO 2 m -2 s -1 , respectively. ABA application increased photosynthesis rate, and DKB 390 presented the highest rate. No differences between treatments occurred at water recovery (1st and 10th days) (Fig. 4a) . On the first and second days of stress, all plants presented lower stomatal conductance (g s ), and did not differ from each other. No difference between treatments occurred at water recovery (Fig. 4b) .
On the first day, irrigated plants and drought-stressed DKB 390 presented lower intercellular CO 2 concentration (C i ) (Fig. 4c) . The highest C i was observed for droughtstressed BRS 1030 treated with ABA, followed by droughtstressed BRS 1030 and drought-stressed DKB 390 treated with ABA. At the tenth day of stress, drought-stressed BRS 1030 (with and without ABA application) presented the highest intercellular CO 2 concentration (C i ) followed by the other plants under stress. Irrigated plants presented the lowest concentration and no difference was observed between treatments in the water recovery period (Fig. 4c) .
Water use efficiency, on the first day, a decrease was observed in the plants under stress conditions compared to the irrigated plants (Fig. 4d) . The same behavior was observed with 10 days of stress, except for drought-stressed BRS 1030 treated with ABA, which was similar to that of plants under stress conditions. After 10 days of water recovery, irrigated DBK and BRS presented higher WUE (Fig. 4d) .
Chlorophyll fluorescence
For chlorophyll fluorescence parameters, no significant difference in water recovery was observed among the different treatments (Fig. 5) .
Irrigated BRS 1030 treated with ABA and droughtstressed BRS 1030 (with and without ABA application) presented the lower effective light-adapted photochemical quantum yield (UPSII) on the first day of stress (Fig. 5a) . At the tenth day, both hybrids under stress conditions and without ABA application and drought-stressed BRS 1030 treated with ABA showed the lowest mean values for UPSII (Fig. 5a) . Figure 5b shows that, on the first day under stress, the photochemical quenching (qP) was significantly reduced in Fig. 4 Gas exchange parameters during stress imposition and water recovery in two hybrids with contrasting drought tolerance (DKB 390 and BRS 1030) with and without exogenous ABA application. a Photosynthesis rate (P n ), b stomatal conductance (g s ), c intercellular CO 2 concentration (C i ) and d water use efficiency (WUE). The plus indicates that the mean values followed by the same letter in each day did not differ from each other by Skott-Knott test at 5 % probability (P B 0.05). Each bar indicates the mean of treatments ± SE and asterisk the water recovery phase Fig. 5 Chlorophyll fluorescence parameters during stress imposition and water recovery in two hybrids with contrasting drought tolerance (DKB 390 and BRS 1030) with and without exogenous ABA application. a Effective light-adapted photochemical quantum yield (UPSII), b photochemical quenching (qP), c non-photochemical quenching (NPQ), d electron transport rate, e relative change of minimum chlorophyll fluorescence (qo), f maximum efficiency of photosystem II (F v /F m ), g maximum efficiency of the photochemical processes in PSII (F v /F o ) and h basal quantum yield of non-photochemical processes in PSII (F o /F m ). The plus indicates that the mean values followed by the same letter in each day did not differ from each other by Skott-Knott test at 5 % probability (P B 0.05). Each bar indicates the mean of treatments ± SE and asterisk the water recovery phase. Absence of straight lines indicates no significant correlation both drought-stressed cultivars treated with ABA. At the tenth day, all plants under stress conditions presented lower qP, including those with ABA application, and they did not differ significantly from each other (Fig. 5b) .
For non-photochemical quenching (NPQ), on the first day as on the tenth day under stress, the treatments drought-stressed BRS 1030 (with and without ABA application) presented mean values significantly higher than drought-stressed DKB 390 (with and without ABA application). However, the lowest mean values were observed in the irrigated plants (Fig. 5c) .
For ETR, a significant reduction occurred on the first day for drought-stressed BRS 1030 treated with ABA followed by drought-stressed BRS 1030 and drought-stressed DKB 390 treated with ABA (Fig. 5d) . Marked reduction in ETR was observed from the first to the tenth day of stress imposition, especially in the drought-stressed plants without ABA application, followed by drought-stressed BRS 1030 treated with ABA (Fig. 5d) .
On the first day, the plants under stress conditions, including the ones treated with ABA, showed the highest relative change of minimum chlorophyll fluorescence (qo), and they did not differ among themselves (Fig. 5e) . With the ongoing water deficit (10 days), drought-stressed BRS 1030 (with and without ABA application) presented higher qo than the other plants under stress conditions (Fig. 5e) .
Regarding maximum efficiency of photosystem II (F v / F m ), on the first day of stress, drought-stressed BRS 1030 (with and without ABA application) presented significant decrease compared to the other plants (Fig. 5f ). At the tenth day of stress, a greater decrease of F v /F m ratio occurred compared to the first day, and drought-stressed BRS 1030 (with and without ABA application) presented the lowest mean value (Fig. 5f) .
Plants under stress conditions, including the ones with ABA application, presented lower maximum efficiency of the photochemical process of PSII (F v /F o ) at first and tenth day, and did not differ from each other (Fig. 5g) .
Considering the first day of stress imposition, all irrigated plants showed low mean values (with a non-significant difference) and drought-stressed DKB 390 treated with ABA showed the second lowest mean value of basal quantum yield of non photochemical processes in PSII (F o /F m ) (Fig. 5h) . At the tenth day of stress imposition, irrigated DKB 390 (with and without ABA application) and irrigated BRS 1030 presented the lowest mean values (Fig. 5h) .
Relationship between gas exchange parameters and RWC For plants under stress conditions, values of RWC were significantly related to photosynthesis rate (P n ) for both hybrids, DKB 390 (y = -0.04x 2 ? 7.89x -330.44; R 2 = 0.89**) and BRS 1030 (y = 52.40x 0.5 -0.01x 2 -352.80; R 2 = 0.87**) (Fig. 6a ). Due to a lower RWC, BRS 1030 presented P n higher than DKB 390. However, under low RWC and ABA application, the opposite occurred, and DKB presented higher P n than BRS 1030 (Fig. 6b) . In the plants under stress conditions treated with ABA, a significant relationship of RWC and photosynthesis rate (P n ) also occurred for DKB 390 (y = -0.008x 2 ? 1.80x -56.02; R 2 = 0.85**) and BRS 1030 (y = 0.68x -28.35; R 2 = 0.67**) (Fig. 6b ). For the relationship between RWC and intercellular CO 2 concentration (C i ), only drought-stressed BRS 1030 (y = -0.0013x 2.5 ? 0.09x 1.5 ? 154.95; R 2 = 0.68**) and drought-stressed BRS 1030 treated with ABA (y = 216.71x 0.5 -13.67x -691.18; R 2 = 0.87**) were significantly related (Fig. 6c, d ).
Relationship between fluorescence parameters and RWC For RWC and ETR, drought-stressed DKB 390 (y = 868.43x 0.5 -46.07x -4,001.16; R 2 = 0.88**), droughtstressed BRS 1030 (y = -0.06x 2 ? 1,154x -466.19; R 2 = 0.85**), drought-stressed DKB 390 treated with ABA (y = 0.038x 2 -4.91x ? 207.88; R 2 = 0.50*), and drought-stressed BRS 1030 treated with ABA (y = 0.08x 2 -11.49x ? 406.53; R 2 = 0.58*) were significantly related (Fig. 7a, b) . With ABA application, DKB 390 presented higher ETR in low RWC (Fig. 7b) .
The values of RWC and photochemical quenching (qP) were significantly related in drought-stressed DKB 390 (y = 0.008x -0.45; R 2 = 0.74*) and drought-stressed BRS 1030 (y = 0.005x -0.101; R 2 = 0.60*) (Fig. 7c) . ABA application affected relationship of RWC and qP as DKB 390 presented higher qP values than BRS 1030 (Fig. 7d) . The values of drought-stressed DKB 390 treated with ABA (y = 0.003x -0.01; R 2 = 0.72*) and drought-stressed BRS 1030 treated with ABA (y = -1.17x 0.5 ? 0.07x ? 4.93; R 2 = 0.50*) were also significantly related. A significant relationship was observed between RWC and non-photochemical quenching (NPQ) in drought-stressed DKB 390 (y = -0.74x 0.5 ? 0.01x ? 7.91; R 2 = 0.66**) and drought-stressed BRS 1030 (y = 0.02x 0.5 -0.05x ? 6.42; R 2 = 0.85**) (Fig. 7e) , as well as in the plants with ABA application: drought-stressed DKB 390 treated with ABA (y = 3.99x 0.5 -0.25x -13.12; R 2 = 0.65**) and drought-stressed BRS 1030 treated with ABA (y = 8.92x 0.5 -0.55x -32.36; R 2 = 0.65**) (Fig. 7f ). For plants under stress conditions, significance in the relationship between RWC and maximum efficiency of photosystem II (F v /F m ) only occurred in BRS 1030 (y = 0.005x ? 0.32; R 2 = 0.72**) (Fig. 7g) . With addition of ABA, drought-stressed DKB 390 treated with ABA (y = 0.002x ? 0.58; R 2 = 0.87**) and droughtstressed BRS 1030 treated with ABA (y = 0.002x ? 0.51; R 2 = 0.75*) presented significant relationship (Fig. 7h) . Irrigated plants were not evaluated for these parameters.
Relationship between photosynthesis rate (P n ) and ETR and F v /F m Significant relationship occurred between photosynthesis rate (P n ) and ETR. The regression analysis indicated a significant dependence on these two characteristics for drought-stressed DKB 390 (y = 2.31x ? 1.94; R 2 = 0.90**) and drought-stressed BRS 1030 (y = 2.25x -1.02; R 2 = 0.90**) (Fig. 8a) . The same occurred for drought-stressed DKB 390 treated with ABA (y = 2.14x ? 6.97; R 2 = 0.70**) and drought-stressed BRS 1030 treated with ABA (y = 2.31x -0.63; R 2 = 0.84**), with significant dependence (Fig. 8b) .
Significant dependence between P n and F v /F m was observed in all plants under water stress: drought-stressed DKB 390 (y = 0.001x ? 0.73; R 2 = 0.75**), droughtstressed BRS 1030 (y = 0.004x ? 0.62; R 2 = 0.60**) (Fig. 8a) , drought-stressed DKB 390 treated with ABA (y = 0.003x ? 0.66; R 2 = 0.63*), and drought-stressed BRS 1030 treated with ABA (y = 0.003x ? 0.65; R 2 = 0.85**) (Fig. 8b) . Irrigated plants were not evaluated for these parameters.
Discussion
The present study showed that moisture was less than or equal to 50 % of total available water capacity in the soil (Fig. 1) during the 10 days of water restriction. This represented the presence of a stress that can be described as moderate during the first days (first and fifth days) and severe in the last days (tenth day) (Bettaieb et al. 2011) .
Drought stress significantly affected RWC, ABA content, and parameters of gas exchange and fluorescence. Moreover, the application of ABA on the plant canopy significantly affected some of these parameters.
With ABA application on aboveground parts of the plants at the first day of stress, DKB 390 showed increased ABA content, indicating to be more responsive to exogenous ABA than the sensitive hybrid BRS 1030. Even without ABA treatment, DKB 390 presented higher leaf ABA content (Fig. 2) . Jiang and Zhang (2002) , applying ABA in maize, also observed an internal increase of this hormone. At the beginning of water stress, a greater amount of leaf ABA can be important to the activation of the enzymatic antioxidant system (Ye et al. 2011) , which is essential for maize survival during stress conditions (Chugh et al. 2011; Tan et al. 2011) .
With ongoing stress (10 days), drought-stressed BRS 1030 treated with ABA presented higher ABA content than drought-stressed DKB 390 treated with ABA. This decrease in ABA content in DKB 390 during water stress suggests that this hybrid is more resistant to drought conditions, a suggestion that is supported by studies reporting a decrease in inner content of ABA in leaves of resistant genotypes during drought condition (DaCosta and Huang 2007; Fan et al. 2009 ).
BRS 1030 presented lower water status RWC than DKB 390. Moreover, ABA application caused an increase in RWC, especially for DKB 390 (Fig. 3) . This ability of the resistant hybrid to maintain water status was also observed in resistant genotypes of Egyptian maize (Moussa and Abdel-Aziz 2008) . The application of hormones such as brassinosteroids in rice (Farooq et al. 2009a ) and abscisic acid in Cynodon dactylon (Lu et al. 2009 ) also led to a higher RWC. Drought-resistant cultivars, by maintaining greater cell turgidity, may have higher growth due to Fig. 7 Relative water content (RWC) related to: electron transport rate (ETR) (a, b); photochemical quenching (qP) (c, d); non-photochemical quenching (NPQ) (e, f), maximum efficiency of photosystem II (F v /F m ) (g, h) in leaves of hybrids DKB 390 and BRS 1030. Absence of straight lines indicates no significant correlation expansin activity, which is regulated by abscisic acid and auxins accumulated in the tissues (Zhao et al. 2012) .
In the beginning of water stress, an increase in the water status of the resistant hybrid can be due to the higher content of ABA in leaves, as ABA can increase electrical conductance when transported from leaves to roots. According to Kudoyarova et al. (2011) , this results in higher water absorption and allows a better performance under drought conditions.
One of the first responses that occur under drought exposure is stomatal closure followed by the decrease of photosynthesis rate (P n ) (Farooq et al. 2009b ). P n was strongly affected by water stress in the studied genotypes, and at 10 days of stress, the ABA application caused an increase of photosynthesis rate in the two hybrids, more intensely in DBK 390 (Fig. 4a) . Regression analysis showed that DKB 390 was more responsive to ABA application, resulting in higher photosynthesis under RWC (Fig. 6a, b) . Genetic variability for drought resistance was found in Portuguese maize cultivars, which presented higher photosynthesis rate (P n ) and stomatal conductance (g s ) under stress (Carvalho et al. 2011) .
In the plants under stress and ABA application, when RWC decreased, a reduction in photosynthesis also occurred (Fig. 6b) and there was a trend to increase the ETR (Fig. 7b) . This suggests that, when the studied hybrids are under severe stress, the activation of an alternative path for electron flow occurs (for example, O 2 reduction or nitrogen assimilation) (Ripley et al. 2007; Lawlor and Tezara, 2009) .
DKB presented higher effective light-adapted photochemical quantum yield (UPSII) than BRS 1030. Furthermore, ABA application caused a significant increase of UPSII (Fig. 5a ). Like ETR, UPSII is also an indicator of photosynthesis capacity, since it quantifies the quantum yield of electron transport in PSII (Kalefetoglu and Ekmekçi 2009 ). Maize-resistant genotypes tend to have a greater effective light-adapted photochemical quantum yield (UPSII) (Ding et al. 2005; O'Neill et al. 2006 ), but no previous study was found concerning ABA application and chlorophyll fluorescence in maize.
In all plants under stress conditions, a decrease in stomatal conductance (g s ) occurred (Fig. 4b) , but no difference was observed between hybrids. Despite the ABA being an important hormone related to stomatal closure, no effects of ABA application on g s were observed. Stomatal closure limits dehydration, reducing the risk of xylem cavitation that can compromise the survival of the maize plant ).
Intercellular CO 2 concentration (C i ) increased with water stress, and was evident in BRS 1030 (Fig. 4c) , which had C i significantly increased under low RWCs (Fig. 6c,  d) . We suggest that, in addition to stomatal closure affecting photosynthesis rate (P n ), a non-stomatal limitation occurred as well, especially for BRS 1030. Some authors attribute the stomatal limitation as a factor responsible for the decrease of photosynthesis at the beginning of stress, in C 4 plants. However, Lopes et al. (2011) clearly reported the occurrence of non-stomatal limitation.
The data presented in our study show that water stress caused a decrease in WUE, with no differences between the hybrids (with or without ABA application). A greater stomatal sensitivity (greater stomatal control) under water stress, which results in greater WUE, is an important strategy for drought tolerance in C 4 plants (Araus et al. 2010; Lopes et al. 2011) .
In plants under stress conditions, drought condition reduced the opening of reaction centers of photosystem II, measured by the photochemical quenching (qP). At the beginning of the stress or when RWC was above 85 %, drought-stressed DKB 390 showed higher qP than droughtstressed BRS 1030, but with the decrease of RWC, the qP of DKB 390 decreased more than in BRS 1030. The opposite occurred with ABA application, and DKB 390 presented always the higher qP mean values (Figs. 5b, 7c,  d ). The better response of DKB can be associated with the better water status when the hormone was applied. Several studies show reduction of qP in maize under water stress, including drought sensitive genotypes, which tend to present a lower maintenance of water status (Efeoglu et al. 2009; Carvalho et al. 2011 ).
Higher photoinhibition under drought conditions can be occurring in the hybrid BRS 1030, not only due to a lower qP but also due to a greater decrease of F v /F m ratio and non-photochemical quenching (NPQ) (Fig. 5c, f) . NPQ is involved in dissipating the excess of energy, and the low increase in BRS 1030 compared to DKB 390 can be due to a small xanthophylls cycle pool (Maxwell and Johnson 2000) . This can be confirmed by the higher qo (relative change of minimum chlorophyll fluorescence) in BRS 1030 (Fig. 5e ). This parameter (qo) is connected to the quantification of heat dissipation process in reaction centers of PSII, and is also connected to the epoxidation of violaxanthins, the regulatory flow mechanisms, and the inactivation of reaction centers of PSII (photoinhibition) (Rohácek 2002; Xu et al. 2008) .
A significant and positive linear relationship was observed between P n and F v /F m and between P n and ETR (Fig. 8a, b) . This indicates that the decrease of photosynthesis is partially explained by the reduction of the photosystem II functions. ABA application attenuated water stress, reducing the decrease of photosystem II functions. This was also reported in maize by Xu et al. (2008) .
In the analysis of maximum efficiency of PSII, two parameters were used, F v /F m and F v /F o (Fig. 5f, g ). F v /F m values differed more clearly among the treatments. On the other hand, Wu and Bao (2011) observed significant differences of F v /F o in wheat genotypes contrasting to drought resistance and Hura et al. (2007) also reported the same trend for maize and triticale.
Concerning the basal quantum yield of non-photochemical processes in PSII (F o /F m ), no significant difference between plants under stress conditions was observed, although their values were higher than those of the irrigated plants (Fig. 5h) . Some authors reported the use of increased ratio as indication of stress, and suggested normal or standard values to be between 0.14 and 0.20 (Rohácek 2002) .
The results of the present study show that the water stress affected PSII activity and photosynthesis parameters in both hybrids. However, DKB 390 presented better performance under stress. In addition, ABA application on leaves attenuated the effect of water stress in the resistant hybrid DKB 390 through the maintenance of water status, an increase of photosynthesis parameters, and a decrease in the decline of PSII functions during stress.
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